We describe a below-cloud scavenging module of aerosol particles by raindrops for use in a three-dimensional mesoscale cloud resolving model. The rate of particle removal is computed by integrating the scavenging efficiency Author manuscript, published in "Atmospheric Research 96, 2-3 (2010) 325-336" DOI : 10.1016/j.atmosres.2009 circulations to redistribute layers of aerosol particles in order to improve estimates of particle removal by below-cloud scavenging.
attention needs to be drawn upon computation efficiency and accuracy, as stressed by Sportisse (2007) .
This study presents a flexible BCS module and illustrates some appli-48 cations in the 3D mesoscale/cloud resolving model MesoNH (Lafore et al., 49 1998). First, the BCS module has been developed based on the widely used 50 collision efficiency parameterization of Slinn (1983) . The original module Two simulations have been performed to illustrate the BCS module and its 58 potential interactions with the transport. We studied an idealized case of 59 a shallow tropical rainband in a 2D kinematic framework from the HaRP 60 campaign (Cohard and Pinty, 2000) and a squall line case from the COPT81 61 experiment in West Africa (Lafore and Moncrieff, 1989) . For both simula-62 tions, sensitivity tests are performed on the characteristics of the initial size 63 distributions of AP and on the initial vertical profile of AP spectra. 
DEVELOPMENT OF THE BCS MODULE
BCS of AP is related to the AP size distribution but also to the raindrop size distribution through the BCS coefficient. Here a difficulty arises due to 71 the complex mathematical expression of the BCS coefficient which must be 72 integrated over wide distributions, up to infinity for analytical, log-normal 73 or gamma laws. In order to simplify crudely the computation of a BCS rate, 74 Tost et al. (2006) and Loosmore and Cederwall (2004) ical method used by Andronache (2003) and by Feng (2007) takes explicitly 79 into account the spectral nature of the raindrop distribution by performing 80 a numerical integration up to a large raindrop diameter. In order to keep 81 an accurate estimate of BCS effects in MesoNH, we choose to compute BCS 82 coefficients by means of a Gauss quadrature method (Press et al., 1992) . In- 
89
The AP are represented by the sum of several log-normal distributions 90 n pi (d p )dd p depending on the number of modes:
where l is the number of modes with index 
99
The raindrop size distribution n R (D d ) in MesoNH is modeled by a gen-
is reduced to the classical Marshall-Palmer law by taking 102 α = ν = 1 for the two shape parameters:
where
, λ R is the slope parameter and D d the drop 104 diameter.
105
The method used to calculate the BCS coefficient follows the concept 106 of the collision efficiency E between an AP and a raindrop (Slinn, 1983; 107 Pruppacher and Klett, 1997; Seinfeld and Pandis, 1998) . E expresses the studies about BCS are based on this concept (Andronache, 2003; Loosmore and Cederwall, 2004; Henzing et al., 2006; Tost et al., 2006; Feng, 2007) .
113
There is no available theoretical solution of the Navier-Stokes equation for 114 the prediction of E. Therefore Slinn (1983) has formulated a semi-empirical 115 expression of the collision efficiency E, taking into account three of the most 116 understood collection processes: the Brownian diffusion, the interception and 117 the inertial impaction. Some studies (Slinn and Hales, 1971; Wang et al., 118 1978; Tinsley et al., 2005) describe the relative impact of other processes 119 such as thermo-, diffusiophoresis and electric forces upon E. The inclusion 120 of these processes means to estimate the electric charge of each particle and to
121
determine the local relative humidity along particle trajectories, complicating 122 heavily the computation of E. In general these processes are ignored, as in 123 this study. After non-dimensionalizing the equation of motion for the air, the 124 AP and the raindrops, Slinn (1983) found an expression of E that depends 125 on five dimensionless parameters :
with symbols defined in Table 1 . Seinfeld and Pandis (1998) expressed by Foote and Du Toit (1969) :
Finally the analytical Slinn's expression of E that fits experimental data is expanded as: 
150
Wet deposition by BCS is a 1 st order decay process so that, 
A Gauss-Laguerre algorithm (Press et al., 1992) , a variant of the Gauss 156 quadrature technique, is used for the first time to integrate the above expres-157 sion. The method is based on a n-orthogonal polynomial set associated to 158 the weighting function, here the size distribution of the raindrops (Eq. 1).
159
The method is a high-order optimal one which is exact when the function to
160
integrate is smoother than a polynomial of degree (2n − 1). The χ i symbols 161 denote the weights and x i , the abscissas, then :
Finally, the BCS coefficient (Eq. 4) is integrated over the AP diameters 163 d p to obtain the BCS rate with respect to the total number of AP using 164 Eq. 3:
This time, the integration is performed using a Gauss-Hermite quadrature 166 formula with appropriate weights χ i and abscissas x i :
As confirmed by a recent study (Andronache, 2003) , Fig. 1 hal-00519461, version 1 -16 Nov 2010 with those of previous studies (Andronache, 2003; Loosmore and Cederwall, 180 2004; Tost et al., 2006; Feng, 2007) . 
Mass BCS rate

182
The computation of the AP scavenging rate allows us to study the evo- fall speed of the drops.
The mass of the free AP which are scavenged by rain, is also computed with the Gauss-Hermite quadrature formula, so according to Eq. 3, one gets:
where both AP sphericity and constant density for each particle mode are 193 assumed.
194
The mass sedimentation rate of the scavenged particles is taken propor-
195
tional to the sedimentation rate of the raindrop mixing ratio q R :
suggesting that statistically, the mass of scavenged AP contained in an indi-
197
vidual drop of size D r is proportional to the mass of the drop. to be used as lower boundary conditions for mesoscale models.
206
Looking at the BCS process, we are interested by two types of COPS 207 data that are both in situ measurements at ∼ 3 m above ground level :
208
• Mean rainfall rate calculated each 10 min from precipitation measure- in Fig. 1 , the BCS rate is the highest for large diameters (classes 9 to 11) 227 while small ones (1 to 8) correspond to the "Greenfield gap". Thus, the 228 data suggest the potential effect of BCS upon the evolution of AP in the 229 troposphere. Therefore, the implementation of this process in the aerosol 230 continuity equation is necessary in cloud resolving models such as MesoNH.
231
In order to simulate the depletion of the AP by BCS using the first pre- 
is used to determine the raindrop size distribution n R (D d ) and to integrate 259 the BCS term (Eqs. 4 and 5) in MesoNH.
Warm shallow convection: the "HaRP" test case
The idealized "HaRP" test case comes from "The Hawaiian Rainband
262
Project" that took place in 1990 (Szumowski et al., 1998) . It aims at simu- After 25 min (Fig. 3b) , the AP continue to rise through the rainshaft where they are partially depleted by BCS. Then the rain reaches its maximum 286 intensity at 35 min therefore leading to an efficient depletion of AP by BCS
287
in Fig. 3c . At the end of the simulation (so after 50 min in Fig. 3d) The "HaRP" results show the difficulties to predict the potential scav-328 enging of multiple AP modes without an accurate BCS module coupled to a 329 microphysical scheme and taking into account the transport of the particles.
330
The numerous combinations of AP log-normal distribution parameters and 331 rain intensity clearly leads to a large variety of scavenging efficiencies. 
Tropical squall line: the "COPT" test case
The "COPT" test case (Caniaux et al., 1994 ) is typically a 12 hour simu- scavenging by ice is enhanced by phoretic effects (Martin et al., 1980) and 351 probably, by electric forces (Miller, 1990; Andronache, 2004) shocks (Mansell, 2000; Barthe et al., 2005) . This last effect clearly makes the (scale maxima) of coarse mode 387 particles in the heavy precipitating convective region of the squall line.
388
As expected the lowest dust layer (Fig. 5a ) is the most affected by the lot of scavenged particles even if they were not present initially in this region.
413
The explanation is that the dust particles are recycled by the density current 414 of the squall line (Lafore and Moncrieff, 1989) . Clearly speaking, it is the where BCS can operate locally during the ascent of the dust particles.
432
In order to illustrate the importance of transport, here combined to BCS in the squall line (see also Lafore and Moncrieff (1989) ), the residency time of 434 air parcels having been in contact with rain, is shown in Fig. 5d after 9 hours 435 of simulation with half-hourly contours starting after 2 hours of simulation.
436
The residency time (RT) is a 3D tracer which is easy to integrate along 437 the course of the simulation. It includes a transport term followed by a 438 conditional time incrementation step, here characterized by a "rain" mask.
439
At each time step, the rainy areas are selected by considering the gridpoints 440 passing a mask where the rain mixing ratio is larger than 0.01 g/kg and so
441
where RT is augmented by the value of the timestep.
442
Without "rain" mask (not shown here), the bulk structure of RT repro- , is plotted in Fig. 7b for   460 comparison. Fig. 7a shows that BCS is most pronounced for the mid layer . Surprisingly, more AP are formation of open cells in marine stratocumulus (Rosenfeld et al., 2006) ).
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